The aim of the current study was to determine the retinotopic organization of a patient with congenital cortical dysgenesis and normal visual function. Using functional magnetic resonance imaging (fMRI), detailed retinotopic maps corresponding to the four visual ¢eld quadrants were projected onto cortical surfaces. Similar to control subjects, the upper right visual ¢eld mapped onto ventral left hemisphere and was retinotopically organized.The lower right visual ¢eld's cortical representation was also retinotopically organized, yet was displaced many centimeters anteriomedially. Moreover, the entire left visual ¢eld was represented in nonretinotopically organized islands in both hemispheres. These results indicate retinotopic maps can shift in both location and topography illustrating cortical reorganization presumably due to either cortical dysgenesis or functional displacement. NeuroReport 13:41^46
INTRODUCTION
Patients with chronic lesions have demonstrated the capacity for cortical reorganization. Tumors located in the area of motor cortex dedicated to hand movements have been shown to shift the cortical representation of the hand several centimeters [1, 2] . Patients with arteriovenous malformations (AVMs), a congenital abnormality, in either the foot or hand region of primary motor cortex show no deficit in movement, but a shifted cortical motor representation either within primary motor cortex or extending into non-primary motor cortex [3] . Similarly, a group of patients with AVMs in typical left hemisphere cortical language areas have shown a shift of language representation to the right hemisphere [4, 5] . In the visual domain, congenitally blind subjects have been shown to activate visual cortex in response to Braille reading indicating that this region may be recruited by somatosensory cortex [6] .
Human cortical retinotopic maps across normally-sighted individuals have been shown to be extremely similar in both their location relative to anatomical landmarks and their overall topography [7] [8] [9] [10] ; however, little is known of their capacity for reorganization. Although a recent study has shown retinotopic map reorganization to some degree [11] , advances in human retinotopic mapping now allow the detailed study of retinotopic reorganization to the resolution of the early visual area (e.g. V1, V2, V3, VP, V3A, and V4v).
If a lesion were to disrupt, either anatomically or functionally, the area of cortex normally containing a retinotopic map, at least three non-exclusive hypotheses exist regarding the possible resultant cortical reorganization. First, a large-scale shift in the retinotopic map to preserved cortex may occur in toto (i.e. retaining topographic organization overall). Second, the retinotopic map may shift to a different cortical location retaining its contiguity but losing its topographic organization. Third, a shift in both location and topography may occur resulting in map represented by numerous spared cortical loci with disorganized topography. In contrast to the hypotheses relating to cortical reorganization, the null hypothesis is that the retinotopic map is fixed in its normal location/topography such that disrupted cortex would result in a visual field deficit. The current study uses detailed retinotopic mapping techniques to explore these hypotheses in a patient with significant congenital cerebral dysgenesis.
MATERIALS AND METHODS
The patient was a 32-year-old left-handed woman originally diagnosed with hemispheric cerebral dysgenesis as illustrated by a thick periventricular band heterotopia and a Dandy-Walker malformation (Fig. 1 ). She underwent a partial right temporal lobectomy at age 30 for treatment of medically intractable seizures. Detailed perimetry mapping within the central 601 of the visual field revealed normal visual function.
During the entire experimental session, the patient was alert, pleasant in manner, and in no apparent distress. After the nature of the experiment was fully explained and comprehended by the patient, informed consent was obtained. The experimental protocol had been approved by the Johns Hopkins Hospital internal review board. The stimulus was similar to those used in other fMRI human retinotopic mapping studies [7] [8] [9] [10] . As increases in fMRI blood oxygen level dependent (BOLD) signal changes have been directly and indirectly correlated with neural activity in non-human primate and human [12] [13] [14] [15] , it was assumed that fMRI signal changes reflect neural activity. In the present study, the rotating checkerboard stimulus wedge reversed in contrast 8 times/s and completed eight cycles in a total of 9 min 42 s (Fig. 2) .
Individual squares comprising the wedge were scaled by the human cortical magnification factor [15] . Throughout the experimental run, the patient was instructed to maintain central fixation and press a button with her right thumb when a randomly selected square in the display flashed red for 120 ms. Such targets occurred on average every 15 s.
Images were acquired using a 1.5 T Philips Gyroscan ACS-NT scanner with either a Philips end-capped quadrature birdcage head coil (anatomic scan) or a Phillips circular C3 surface coil (functional scan). Following a T1-weighted scout image, the high-resolution anatomic images were acquired using an MPRAGE sequence (echo time (TE) = 3.7 ms, flip angle = 81, time of repetition (TR) = 8.1 ms, number of excitations = 1, 256 Â 56 matrix, 256 Â 256 mm field-of-view (FOV), 256 Â 1 mm slices, no gap, i.e. 1 mm isovoxel resolution). T2*-weighted functional data were acquired using echo-planar imaging (TE = 40 ms, flip angle = 901, phase-encoding = foot-to-head, TR = 3000 ms, 64 Â 64 matrix, 192 Â 192 mm FOV, 30 Â 3 mm slices, no gap, i.e. 3 mm isovoxel resolution).
Data analysis was conducted using BrainVoyager (Brain Innovation, Maastricht, The Netherlands). All functional data were slice-time corrected, motion corrected, and spatially/temporally bandpass filtered at 1-16 Hz/3-32 Hz, respectively (where spatial Hz refers to cycles/image matrix and temporal Hz refers to cycles/run length). Retinotopic maps were produced by correlating each stimulus location in the visual field with the change in intensity over time for each voxel in the functional data [16] . Specifically, for each stimulus location: (1) the hemodynamic response function (HRF) was modeled using a gamma function [17] (with d = 2.5 and t = 1.25), (2) this model was cross-correlated with every voxel in the functional data, and (3) voxels with a correlation coefficient above a threshold value were painted a color associated with that stimulus position (see color wheel in Fig. 3 ). For all retinotopic maps shown, a correlation threshold of 0.20 was used.
Segmentation and surface reconstruction of the anatomic volume was conducted using methods similar to those described elsewhere [7, 9, [18] [19] [20] [21] [22] with subsequent cortical surface inflation to assist in viewing activation patterns (for specific details see [23] ). Retinotopic maps were projected onto the cortical surfaces and borders between visual areas identified, when possible, by assuming field sign inversion (i.e. color reversals) in adjacent visual areas [7, 9, 24] .
For reference purposes, the retinotopic map of a normal control subject is shown in Fig. 3 . Human retinotopic maps are consistently organized regarding their location relative to anatomic landmarks and topographic organization. In particular, a representation of the right horizontal meridian (HM, i.e. the line dividing the upper and lower visual field) is mapped onto left hemisphere V1 near the base of the calcarine sulcus and additional HM representations are mapped roughly parallel to the V1 HM representation but offset in both the dorsal and ventral directions. Field sign inversion in adjacent visual areas can readily be observed by the smooth yellow-to-red color transition extending from the V1 HM to the lower vertical meridian (LVM) at the dorsal V1-V2 border, the red-to-yellow color transition from the dorsal V1-V2 border to the dorsal V2-V3 border, etc. It is also important to note that stimulation of the right visual field normally elicits activity in the left hemisphere only. Stimulation of the left visual field results in the mirror reversal of the retinotopic map described above.
RESULTS
Although somewhat disjointed, the organization of the patient's left hemisphere ventral visual areas, corresponding to stimulation in the upper right quadrant of the visual field, was largely normal (Fig. 4a) . In particular, the V1 HM was mapped near the base of the calcarine sulcus and the upper vertical meridian representations separating ventral V1/V2 and VP/V4v could be identified and were offset in the ventral direction.
In contrast, the patient's left hemisphere dorsal visual areas, corresponding to stimulation in the lower right quadrant of the visual field, were atypically organized. Fig. 4a shows that visual borders/areas corresponding to stimulation of the lower right quadrant of the visual field were located on the medial surface of the left hemisphere rather than their typical location dorsal and parallel to the V1 HM (compare Fig. 4a and Fig. 3b ). In addition, there were at least 4 unique representations of both horizontal and vertical meridia which, if field sign inversion is assumed to separate unique visual areas, define at least 8 early visual areas (compared to four normally observable visual areas). Figure 4b illustrates additional right hemisphere visual area activation corresponding to lower right visual field stimulation, which normally shows no activation by stimuli presented in this hemifield. Although there was significant displacement and expansion of visual areas, both within and across hemispheres, contralateral visual field inversion in adjacent visual areas appeared to be largely conserved. In other words, the smooth transitions from yellow-to-red, red-to-yellow, and so on, are consistent with the functional architecture of normal visual field representation.
As can be observed in Fig. 5 , the map corresponding to left visual field stimulation had no apparent retinotopic organization. In fact the left visual field was mapped onto numerous small islands on both left and right hemispheres.
DISCUSSION
Although the retinotopic map of the upper right visual field on the ventral left hemisphere was largely normal in both location and organization, the retinotopic map of lower right visual field was shifted in location relative to normal. In a normal retinotopic map field sign reversals are assumed to define the borders between visual areas. If this assumption is correct, this patient had twice as many retinotopically organized early visual areas allocated to lower right visual field when compared to normal (compare Fig. 3b and Fig.  4a) . Still, the overall organization, i.e. visual field sign reversals, was normal and as such illustrates a large-scale shift in location only.
The most focal aspect of the patient's dysgenesis was restricted to the right hemisphere (Fig. 1b,c) . This right hemisphere dysgenesis included an area of abnormal cortical migration that disrupted white matter tracts normally carrying retinotopic input from the left visual field. Such atypical neural organization may have caused the retinotopic map to fragment and remap onto multiple islands of spared cortex in both hemispheres (i.e. a shift in both location and topography, Fig. 5 ). The remapping of the left visual field onto left hemisphere dorsal extrastriate cortex ( Fig. 5a ) may have contributed to the large-scale shift of the left hemisphere dorsal retinotopic map of the right visual field as discussed above. We cannot rule out the possibility that this shift was due in full or part to the global dysgenesis of the left hemisphere. However, both the relatively normal organization of left hemisphere ventral retinotopic map and the fact that the dorsal cortical dysgenesis is similar to the ventral cortical dysgenesis (compare Fig. 1b and Fig. 1d ), would argue against this possibility and in favor of functional displacement of the left hemisphere dorsal retinotopic map by the remapped left visual field representation.
This case study is illustrative of two of the hypotheses put forth in the introduction. Specifically, the retinotopic map corresponding to one quadrant showed a shift in location with spared topography and the retinotopic map corresponding to an entire visual hemifield was shifted in both location and topography. Detailed perimetry mapping did not reveal any visual field deficits; therefore, our results are inconsistent with the hypothesis that retinotopic maps are fixed in their cortical location.
CONCLUSION
Although retinotopic maps are highly stable across normal individuals regarding their location relative to anatomic landmarks and topographic organization, this case illustrates that large-scale reorganization is possible. Moreover, this reorganization has been shown to take two forms, one involving a shift in location with spared topography and the other involving a shift in both location and topography. This case study illustrates the diverse capacity of cortical reorganization with the presumed aim of functional preservation. 
